Two low-speed static wind tunnel tests and a water tunnel static and dynamic forcedmotion test have been conducted on a hybrid wing-body (HWB) twinjet configuration. These tests, in addition to computational fluid dynamics (CFD) analysis, have provided a comprehensive dataset of the low-speed aerodynamic characteristics of this nonproprietary configuration. In addition to force and moment measurements, the tests included surface pressures, flow visualization, and off-body particle image velocimetry measurements. This paper will summarize the results of these tests and highlight the data that is available for code comparison or additional analysis. 
Validation for an Efficient Low-Noise Hybrid Wing Body Subsonic Transport." This NRA included a task to develop a conceptual design of an HWB configuration that would meet the NASA Environmentally Responsible Aviation (ERA) N+2 goals starting from the Cambridge-MIT Institute Silent Aircraft Initiative SAX-40 configuration. 1 The resultant configuration was designated the HWB-N2A. In general, the basic goals of the NRA were to: 1) Develop an HWB configuration capable of meeting the reduced noise and reduced fuel burn goals.
2) Develop improved noise prediction methods for this type of configuration.
3) Design and fabricate a wind tunnel model for use in validating predictions. 4) Assess the low-speed aerodynamic characteristics of the configuration developed.
It is this last item that is addressed via the wind tunnel, CFD, and water tunnel investigations reported on in this paper. The NRA and the subsequent wind tunnel investigations were supported and funded by the ERA project [2] [3] [4] [5] [6] [7] [8] within the Integrated Systems Research Program (ISRP). Three wind tunnel tests were conducted in the NASA Langley 14-by 22-Foot Subsonic Tunnel on the 5.8-percent scale model shown in figure 3 . The first test focused on measuring the basic low-speed aerodynamics 9 while the second was an acoustics test. [10] [11] [12] The third test focused on characterizing the nacelle inlet flow conditions through particle image velocimetry (PIV) measurements. The acoustic test results will not be covered in this paper, only the low-speed aerodynamic tests. The model was installed and tested as shown in figure 3 for both aerodynamic tests.
The HWB water tunnel test was funded through a NASA Small Business Innovative Research (SBIR) award to Rolling Hills Research. 13 The primary objective of this test was to explore new dynamic test techniques and modeling methodologies.
14 A series of dye port flow visualizations was also conducted in support of the wind tunnel tests. An example is shown in figure 4 . Only static dye port flow visualizations will be discussed in this paper. In addition to the wind tunnel and water tunnel tests, a limited set of computational fluid dynamics (CFD) predictions was also performed. The CFD predictions supported the off-body nacelle inlet flow analysis, an example of which is shown in figure 5 . This paper will compare and summarize some of the interesting findings from these tests and highlight the extent of the data that is openly available for code validation or additional analysis of this HWB configuration.
II. Experimental Approach

A. NASA Langley 14-by 22-Foot Low-speed Tunnel Tests
Two aerodynamic tests and one acoustic test were conducted on the HWB-N2A configuration in the NASA Langley 14-by 22-Foot Subsonic Tunnel. This tunnel is an atmospheric, closed circuit facility, with a test section that can be operated in an open (side walls and ceiling raised) or closed configuration. 15 The test section dimensions in the closed configuration are 14.5 feet high by 21.75 feet wide by 50 feet long. Figure 3 shows the model in the tunnel with the walls and ceiling in the closed configuration. Most of the first aerodynamic test was conducted in the closed configuration, whereas all of the second was conducted in the open configuration allowing for greater optical access for the PIV measurements.
The wind tunnel model is a 5.8% scale HWB-N2A configuration with a span of 12.354 feet (Fig. 6) . The model included two leading edge configurations; an undeflected cruise leading edge and a drooped leading edge for high lift. The drooped leading edge begins at η=0.311 and is deflected 20 degrees down from there to η=0.4. The droop then transitions to 30 degrees down from η=0.4 to η=0.445 and is maintained at 30 degrees for the remainder of the span. The sweep angle at the quarter-chord of the constant sweep, outboard portion of the wing, is 24.2 degrees. The model moment reference center is located at 53.94-percent of the fuselage length aft of the model nose corresponding to 38.64-percent of the mean aerodynamic chord. The model reference area is 33.499 ft 2 , and the reference chord is 60.552 inches.
In addition to the cruise and drooped leading edges, the other variable geometry features of the model included three longitudinal mounting positions for the flow-through nacelles; alternate lower aspect ratio vertical tails, two vertical tail longitudinal mounting locations, two vertical tail cant angles, deflectable control surfaces, and landing gear. The effects of these geometry changes are explored in reference 9. The data presented throughout this paper is for the nacelles at the mid location, the higher aspect ratio vertical tails mounted with a 10° cant angle at the aft location, all elevons and rudders undeflected, and the landing gear off. The only geometry variation presented in this paper will be the drooped or cruise leading edge. The model was also equipped with an array of upper and lower surface pressure taps provided in chordwise rows at four span locations. These pressure tap rows are located on the left side of the model at semi-span stations of 13.4, 30.5, 51.0, and 90.6-percent.
B. Wind Tunnel Test Conditions
The primary objective of the first wind tunnel test (Test 597) conducted in the summer of 2011 was to obtain the basic longitudinal and lateral/directional aerodynamic characteristics of the configuration along with some limited control effectiveness measurements. Force, moment, and surface pressure data were obtained across an angle of attack range of from -12 to +36 degrees. Some sideslip sweeps were also conducted from -30 to +30 degrees. Highlighted results of this test were reported in reference 9.
The majority of the test was conducted with the walls and ceiling down (closed test section) at a free stream dynamic pressure of 60 psf (Mach = 0.20). Due to the rather large size and unconventional shape of the HWB configuration, the wall pressure signature correction method was selected to correct for wall and blockage effects. The Wall Interference Correction System 16 (WICS) is the wall pressure signature correction method employed at the 14-by 22-Foot Subsonic Tunnel. Wall corrections are applied to free stream dynamic pressure, angle of attack, and force and moment coefficients. Flow angularity measurements were not obtained for this model, thus up-flow corrections were not applied.
Surface flow visualization data were obtained for angles of attack from 11 to 18 degrees. A mineral oil designed for use in aviation engines was mixed with alcohol and sprayed on the model using a hand held, shop air driven paint sprayer. The oil is manufactured with a fluorescent dye, which glowed brightly when illuminated with ultraviolet lights located in the ceiling of the wind tunnel. After the oil mixture was sprayed on the model, and the tunnel was run for several minutes to establish the surface flow pattern, photographs were taken while on test condition through a window in the tunnel ceiling. Since many pressure taps were located in the left wing, the surface flow visualization was set up to capture images emphasizing the right side of the model. An example is shown in figure 7 .
The objective of the second aerodynamic test (Test 612) conducted in the fall of 2013 was to explore the use of PIV to characterize the upper-surface aft-body aerodynamics near the nacelle inlet at various angle-of-attack and sideslip values. This test was also conducted at a free stream dynamic pressure of 60 psf but with the walls and ceiling raised (open test section) to provide greater optical access for the PIV system. The upper surface of the model was also painted black to reduce the PIV laser system reflections.
Test 597 used transition grit applied to the model to fix the transition of the boundary layer from laminar to turbulent in a consistent and repeatable manner. Grit height and application were guided by the methods presented in reference 17, as well as by common practices used in the 14-by 22-Foot Subsonic Tunnel. The grit was applied in a ring around the nose of the model at a model station 3 inches aft of the most forward point on the fuselage. Along the length of the fore body, transition grit was placed 3 inches aft of the leading edge on the upper surface and 2.5 inches aft on the lower surface. On the wings, transition grit was placed 1.7 inches aft of the leading edge on both the upper and lower surfaces. Transition grit was also placed 1.7 inches aft of the leading edge on both surfaces of the nacelles, pylons, and vertical tails. All distances aft of the leading edges were measured Figure 7 . Surface flow visualization (α = 13°, β = 0°).
perpendicular to the leading edge and along the model surface. Test 612 used trip dots rather than grit along the same locations and height as the grit from the previous test, as shown in figure 8.
C. Particle Image Velocimetry (PIV) Measurements
Test 612 focused on demonstrating the capability of particle image velocimetry (PIV) to measure the off-surface flow field and capture pertinent features such as the flow conditions near the nacelle inlet and the vortical flow on the upper surface. Vortex size and location are important parameters for validating CFD methods used to predict vortical flow separation on wing-body configurations with rounded leading edges.
Over the past seven years, stereo PIV (SPIV) systems have proven to be a valid and efficient tool to document flow fields in the 14x22 for both fixed-wing and rotary-wing configurations. The main challenge in this experiment was to configure the SPIV systems to measure the flow field close to the nacelle inlet without saturating the surface with laser light and obscuring meaningful data. An SPIV system (System 1) comprised of two, 11 megapixel CCD cameras equipped with 400 millimeter lenses and two 1.5 Joule Nd-YAG lasers was used to capture the velocity field near the nacelle inlet. The cameras were mounted upstream of the model, one on each side of the tunnel, and the laser light sheet was projected across the top of the model from the right which required one camera to operate in forward scatter and the other camera to operate in backscatter mode. The orientation of the laser light sheet with respect to the model is shown in Figure 9 . When possible, it is preferable to have both cameras in forward scatter to obtain the highest signal-to-noise ratio. Unfortunately, using such an arrangement in this case would result in the view of one of the cameras being partially blocked by the nacelle and tail. At the operating distance of 24 feet, this camera/lens combination provided a field of view (FOV) 35 inches wide and 17 inches high which was large enough to capture the flow in front of the right nacelle and over a small segment of the right wing.
A second SPIV system (System 2) comprised of two, 4 megapixel cameras equipped with 600 millimeter lenses and a 200 milliJoule laser was used to measure the velocity field near the leading edge. At the operating distance of 22 feet, this arrangement provided a FOV approximately 7 inches wide and 4 inches high that was adequate to capture the leading edge vortex in its formative stages. Both cameras were mounted on the right side of the model and the laser light sheet was projected across the model from the left, putting the cameras in forward scatter. In this configuration, blockage from the nacelle or tail was not a problem but at certain angles of attack and model heights, a small region at the bottom of the camera images was clipped by the leading or trailing edge of the wing. While this was beneficial in that it prevented the cameras from seeing optical flaring off of the model, it also limited how close data could be obtained near the surface.
For both systems, the cameras and laser light sheet were rotated to an angle of 16 degrees to make the measurement plane normal to the waterline when the model was at an angle of attack of 16 degrees. This angle was maintained for the other angles of attack; however the velocity components were rotated to be consistent with the model coordinate system. Seed particles were introduced into the flow using a commercial fog machine with a mineral oil based mixture. The fog machine was located in the rear of the test section and, at specific intervals, ejected polydispersed particles ranging in diameter from 0.25 microns to 1.5 microns into the diffuser. The particles then passed through the fan and the return leg of the tunnel before entering the test section
The dataset includes velocity fields measured in three crossflow planes at angles of attack of 16, 18, and 20 degrees and sideslip angles of 5, 10, and 15 degrees. A minimum of 100 images were acquired for each angle of attack/sideslip angle combination. The PIV images were processed using an interrogation area of 64 pixels by 64 pixels with 50% overlap for System 1 and an area of 24 pixels by 24 pixels with 50% overlap for System 2. These settings correspond to a spatial resolution of 10 mm by 10 mm for System 1 and 1.9 mm by 1.9 mm for System 2.
D. Rolling Hills Research Corporation Water Tunnel Test
The water tunnel test was conducted in the Rolling Hills Research Corporation research water tunnel Model 2436. This tunnel has a 24" high, 36" wide, and 72" long test section with a 3-axis computer controlled model support system capable of either static or multi-degree of freedom dynamic testing. The model was a 0.7% scale HWB-N2A configuration with a span of approximately 18 inches. The model included dye ports for flow visualization along the leading edge of the nose and center-body. The model was aft-sting mounted with a 5-component (no axial force measurement) internal balance. The balance moment center was co-located with the model moment reference center at 38.64-percent of the mean aerodynamic chord. The clearance required for the aft sting mounting arrangement resulted in a cylindrical bump in the aft center body loft as can be seen in figure 4 . This was the only geometry difference between the water tunnel and wind tunnel models. The water tunnel testing was conducted at a velocity of 11 inches per second, corresponding to a chord Reynolds Number of 5.8x10 4 . 
III. Computational Approach
Only a limited set of CFD runs was conducted with the selected cases focusing on matching the PIV test conditions. The analysis used the TertUSS 18 suite of CFD codes that was created and is maintained by NASA Langley Research Center. These codes include an unstructured grid generation program called VGRID, a postprocessor named POSTGRID, and the flow solver USM3D.
VGRID is an interactive, or batch, tetrahedral unstructured grid generation program. The grids produced by VGRID are suitable for computing Euler or Navier-Stokes flow solutions. The grid spacing is related to the strength of user-defined sources placed in the domain. The methodology is based on the Advancing-Front method 19 and the Advancing-Layers method. 20 Both techniques are based on marching processes in which tetrahedral cells grow on an initial triangular boundary mesh and gradually form in the field around the geometry. Once the advancing front process is completed in VGRID, an additional post-processing step is required using POSTGRID to close any open pockets and to improve grid quality.
The USM3D code 21 is a cell-centered, finite-volume Navier-Stokes flow solver that uses Roe flux-difference splitting to compute inviscid flux quantities across the faces of the tetrahedral cells. 22 Several options for turbulent closure are available: the one-equation Spalart-Allmaras (S-A) model 23 (with and without a wall function), and several two-equation models, including Menter's Shear Stress Transport (SST) model 24 and the linear k-epsilon turbulence model. 25 This study used both the k-epsilon and SST models. Several grids were generated to assure grid convergence. Pre-test predictions were generated with a grid of approximately 79.1 million cells and using the k-epsilon turbulence model. The final grid produced, which was approximately 115 million grid cells, was run using the SST turbulence model in both steady and unsteady state runs. Different turbulence models and conditions (unsteady) were tried in an effort to better match the experimental results.
All of the computational data was run at Mach 0.20, angle of attack of 16-degrees, 550 °R temperature and a chord Reynolds number of 6.5 million.
IV. Results and Discussion
The effect of geometry changes such as nacelle or fin location and control surface deflections have been previously documented in reference 9 and will not be repeated here. The focus of this paper is on comparing and highlighting the results of the various tests, measurements and computations conducted on this non-proprietary HWB configuration.
E. Wind Tunnel Results
As previously noted there were two wind tunnel tests conducted with the 5.8% scale model. Most of the first test (T597) was conducted with a closed test section whereas all of the second (T612) was conducted with an open test section. Consequently, there are only a couple of runs that are directly comparable between the two tests. Figure 11 shows a test-to-test comparison of the longitudinal coefficients for the model with the drooped leading edge. The pre-stall repeatability in lift and pitching moment appears very good with about 10 counts of drag difference between the tests. This drag difference as well as the post-stall differences could be due to the difference between the transition grit used in T597 and the trip dots used in T612.
The difference between open and closed test section measurements is illustrated in figures 12 and 13. Also shown in the figures are the WICS code corrected data from the wall pressure measurements. These runs are all from test T597. The magnitude of lift and drag values of the open test section data, for both leading edge configurations, are slightly lower than the closed test section data. This is indicative of a dynamic pressure shift between the open and closed test section that is not being accounted for. This difference is not generally noted in the facility since most testing is conducted in either open or closed configuration, but rarely both. 
F. Water Tunnel Comparison
The primary objective of the water tunnel test was to explore new dynamic test techniques and modeling methods. The water tunnel provides a low cost test environment and the low Reynolds numbers inherent in water tunnel testing did not negatively impact this primary research objective 14 . A secondary objective of this test was to use the water tunnel flow visualization capability to explore potential interactions between vortices shed from the center body and the nacelle inlets. A series of dye ports along the leading edge of the nose and center body enable the flow visualization. Unfortunately, there were no flow visualization runs completed for the drooped leading edge configuration.
The matrix of flow visualization results for the cruise leading edge is shown in figure 14 . A leading edge vortex roll-up can be seen at 10° and 15° angle of attack but remains outboard of the nacelles at 0° of sideslip. As is typical the vortex burst location moves upstream as the angle of attack in increased. At the higher sideslip values the leading edge vortex moves closer to the windward nacelle but appears to have burst or the flow has separated upstream of the nacelle. Of course, vortex burst locations and flow separations are very Reynolds number dependent flow features.
Comparison of the water tunnel and wind tunnel normal force and pitching moment measurements, shown in figure 15 , provides some additional insight. There appeared to be a constant angle of attack and pitching moment shift between the water and wind tunnel data sets. This offset (∆ = 1.5°, ∆ = 0.014) was applied to the water tunnel data and is plotted as the blue data in the figure. The figure clearly shows the separation occurring about 7° earlier for the cruise leading edge to 10° earlier for the drooped leading edge in the water tunnel with a Reynolds number of 5.8x10 4 relative to the wind tunnel, with a Reynolds number of 6.5 million. There are also two sets of CFD predictions. One set labeled "Free Air" includes only the model in the calculations whereas the second set included the model support and the tunnel walls in the calculation. In general, the CFD matches the tunnel measurements fairy well with the largest outlier being the pitching moment prediction for the drooped leading at 24° angle of attack. The CFD also tended to over-predict the drag by about 80 to 100 counts in the linear angle of attack range. The limited set of USM3D results that include the support and wall effects matched the tunnel measurements better than the "free air" solutions. These results along with the measurement variations seen in the open and closed test section data presented in figures 12 and 13 highlight the need for improved methods to correct for wind tunnel installation effects.
Comparisons of the force and moment predictions with sideslip angle are shown in figure 18 for the drooped leading edge configuration at 16° angle of attack. The CFD show good agreement with the measured coefficients up to 5° of sideslip. As previously noted, the drag was over predicted by about 90 counts. Above 5° of sideslip, the CFD appears to have over predicted the separation as evidenced by the increased drag and under prediction of lift and rolling moment. Predicting the separation on a highly swept curved surface such as the center body of this HWB is a challenging problem for many CFD codes and warrants further investigation. 
H. Surface Flow Visualization
A surface oil flow visualization technique using fluorescent oil and ultra violet lights was used in T597 to produce images of surface flow patterns. Several of these images are presented and analyzed in reference 9. Figure  19 shows a comparison of an oil flow image at 15.6° angle of attack with USM3D surface streaklines computed at 16° angle of attack. Both images show a separation region just inboard of the drooped leading edge break. The oil flow also shows evidence of multiple vortex systems scrubbing the upper surface. These vortices are emanating from the center body leading edge as well as the inboard drooped leading edge. The CFD streaklines also show the inboard drooped leading edge vortex but less evidence of other center-body vortices.
I. PIV Measurements
The primary objective of the second wind tunnel test (T612) was to explore the potential of PIV to measure the nacelle inlet flow conditions. The PIV measurements were taken at several longitudinal locations along the center body for various angles of attack and sideslip. In figure 20 , contours of velocity magnitude show the off-body flow features captured by PIV and CFD for an angle of attack of 16 degrees and sideslip angle of 0 degrees. Overall, the measurements and simulations compare quite well: both show a velocity deficit at the nacelle inlet as well as the leading edge vortex. The size and location of the vortex are similar but there are some subtle differences outboard and inboard of the vortex near the surface. The CFD results show a continuous region of low velocity fluid whereas in the middle plane, the PIV shows discrete regions. Another difference can be seen in front of the nacelle where CFD predicts a velocity that is 20% to 25% less than the PIV. The PIV results in the middle and aft planes provide examples of the effect of surface reflections of the laser light sheet on the final data. The circular pattern associated with the rim of the nacelle inlet is clearly visible. The green areas in the center of the lower velocity region and between the vortex and the nacelle are the result of laser light illuminating the inside of the nacelle and the outer surface. Although the model was painted black, the light intensity level in these areas made it extremely difficult to distinguish the particle signal from the background.
V. Concluding Remarks
Several experimental and computational investigations of a Hybrid Wing Body configuration have been conducted which comprise an extensive dataset on this non-proprietary configuration. This experimental dataset could be useful for future CFD code development and validation. Comparisons with a limited set of USM3D code predictions have highlighted regions where further investigation is warranted. Measurements comparisons between open and closed tunnel data have also highlighted the need for better tunnel corrections for wall and model support effects.
One of the concerns about this HWB configuration is nacelle inlet flow distortion, particularly with the drooped leading edge at moderate sideslip angles. None of the investigations showed a vortex propagating through the nacelle but the close proximity was enough to cause concern considering these were flow-thru nacelles without any engine induced mass flow. Impingement of the drooped leading edge inboard vortex on the vertical fin is another configuration issue highlighted from the tests. 
